Abstract Chlorophyll fluorescence is routinely taken as a quantifiable measure of the redox state of the primary quinone acceptor Q A of PSII. The variable fluorescence in thylakoids increases in a single turnover flash (STF) from its low dark level F o towards a maximum F m STF when Q A becomes reduced. We found, using twin single turnover flashes (TTFs) that the fluorescence increase induced by the first twin-partner is followed by a 20-30% increase when the second partner is applied within 20-100 ls after the first one. The amplitude of the twin response shows a period-of-four oscillation associated with the 4-step oxidation of water in the Kok cycle (S states) and originates from two different trapped states with a life time of 0.2-0.4 and 2-5 ms, respectively. The oscillation is supplemented with a binary oscillation associated with the two-electron gate mechanism at the PSII acceptor side. The F(t) response in high frequency flash trains (1-4 kHz) shows (i) in the first 3-4 flashes a transient overshoot 20-30% above the F m STF = 3*F o level reached in the 1st flash with a partial decline towards a dip D in the next 2-3 ms, independent of the flash frequency, and (ii) a frequency independent rise to F m = 5*F o in the 3-60 ms time range. The initial overshoot is interpreted to be due to electron trapping in the S 0 fraction with Q B -nonreducing centers and the dip to the subsequent recovery accompanying the reoxidation of the double reduced acceptor pair in these RCs after trapping. The rise after the overshoot is, in agreement with earlier findings, interpreted to indicate a photo-electrochemical control of the chlorophyll fluorescence yield of PSII. It is anticipated that the double exciton and electron trapping property of PSII is advantageous for the plant. It serves to alleviate the depression of electron transport in single reduced Q B -nonreducing RCs, associated with electrochemically coupled proton transport, by an increased electron trapping efficiency in these centers.
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Introduction
Photosynthesis uniquely performs the transformation of photon (light) energy into several forms of (electro-) chemically convertible energy. It occurs in an integrated set of light-and dark reactions within a highly structured photosynthetic apparatus. The pigments (chlorophylls, carotenoids) of antenna complexes in green cells absorb incoming photons and transfer the excitons to the reaction centers (RCs) where they are photochemically trapped and converted into the energy of separated charges P + and A -of the primary donor P and acceptor A, respectively. The photosynthetic apparatus is embedded and oriented in the closed and partially folded membrane system (thylakoid) in the chloroplast. The thylakoid membrane anchors the active proton pumps of the two photochemical systems PSI and PSII, the cytochrome b 6 f complex and of the ATP synthase (Ke 2001) .
PSII harbors donor-and acceptor sites where in-and efflux of electrons, respectively is initiated upon excitation. At the PSII donor side electron transfer (donation) from H 2 O occurs in a cascade via the oxygen-evolving complex (OEC) and the secondary donor Y Z , (a particular Tyr (Tyr-161 on the D1 protein) to the primary donor P 680 + . At the acceptor side this cascade is from the reduced primary acceptor pheophytin (Phe) via the primary and secondary quinone acceptors Q A and Q B to the PQ pool and via the cytochrome b 6 f complex to PSI (Hankamer et al. 1997) . Chlorophyll a (chl) fluorescence, for the major part emitted by PSII antenna chlorophylls, is a de-excitation pathway in the PSUs competitive with photochemical energy trapping (conversion) in RCs resulting in fluorescence quenching when trapping in the RC is effective. The complimentary relation between fluorescence and photochemical yield has made fluorescence monitoring a sensitive non-invasive tool for probing the electron transport in PSII (Papageorgiou and Govindjee 2004) . Several models have been presented which quantitatively relate the changes in fluorescence yield to the photochemical yield of electron transport to and from PSII (Bouges-Bocquet 1980; Stirbet et al. 1998; Vredenberg 2000 Vredenberg , 2004 Lazár 2003 Lazár , 2006 Zhu et al. 2005) .
The light-dependent chl a fluorescence yield in chloroplasts and intact leaves is variable between a lowest level F o at full photochemical quenching under darkadapted conditions and a maximal level F m at saturating light intensities at which quenching is released. Variable fluorescence is defined as F v = F m -F o . The primary quinone acceptor Q A has become known as the major and principal quencher; the quenching is released upon its photoreduction (Duysens and Sweers 1963) . F m is associated with full reduction of Q A and with the trappingincompetent closed RC. Other electron transport intermediates at the acceptor and donor sides of PSII have been proposed as additional functional quenchers like Phe (Phe) (Klimov et al. 1977; Vredenberg 2000) , reduced forms of the secondary quinone acceptor Q B - (Samson et al. 1999; Yaakoubd et al. 2002 , Schreiber 2002 and Q B 2- (Zhu et al. 2005) , plastoquinone (PQ) (Vernotte et al. 1979) , oxidized primary (P 680 + ) (Butler 1972) , and secondary donor (Y z + ) (Vredenberg et al. 2001) or side products like triplet carotenoids (car T ) (Steffen et al. 2001) . Their quenching has been discussed in relation to the seeming paradox that the release of fluorescence quenching F v in a single turnover flash (STF) in which all Q A is reduced, is substantially below that measured in multi-turnover light pulses (MTF) (Kramer et al. 1995; Samson and Bruce 1996; Kolber et al. 1998; Vasilev and Bruce 1998; Samson et al. 1999; Koblizek et al. 2001; Vredenberg et al. 2005) . The documented effect of electric fields on the fluorescence yield (Vos et al. 1991; van Gorkom 1996; Vredenberg 2004 ) is assumed to be comparatively small in the time domain <2 ms, and is not considered here.
This paper reports on experiments in which the variable fluorescence (fluorescence induction) in the time range between 0.01 and 10 ms upon a double (twin) single turnover excitation flash (TTF) has been measured in darkadapted thylakoid membranes. They are aimed to determine the electron trapping efficiency in the second single turnover excitation (STF 2 ) of a TTF (twin (Vredenberg et al. 2006) , that reoxidation of the double reduced acceptor pair in the S 0 fraction occurs within 2-5 ms. This is 10-fold slower than reoxidation of the single reduced pair in the complimentary (S 1 ) fraction.
Materials and methods
Plant growth (Pea), chloroplast isolations and thylakoid preparation were as described elsewhere (Durchan et al. 2001; Vredenberg et al. 2004) . Thylakoid suspending medium (pH 7.5) contained (in mM) sorbitol, 330; MgCl 2 , 5; KCl, 10; MnCl 2 , 1; and Tricine, 50. Room temperature chl fluorescence yields were measured in dark-adapted chloroplast preparations (1-2 lg/ml) with the Dual-Modulation Kinetic Fluorometer (Photon Systems Instruments, Brno, Czech Republic), as described in detail elsewhere ). The set-up was routinely used in a mode in which the fluorescence yield during and after N (60 ‡ N ‡ 1) 35 ls single turnover excitations (STFs) in a flash train variable in frequency from 0.0125 to 4 kHz was probed by weak 3.5 ls measuring flashes, fired at progressing dark intervals in a time domain between 50 ls and 18 s with, on a log time scale 4 equidistant excitations per decade. The response is plotted, usually on a logarithmic time scale, as the fluorescence signal F(t), relative to the dark fluorescence yield F o . F o is the dark fluorescence from antennas with all RCs closed, i.e., with the primary quinone acceptor Q A fully oxidized. The non-variable fluorescence level at the onset of excitation, measured by a few non-actinic measuring flashes before excitation, usually is 20-25% above F o due to the fact that (see also Fig. 2 ) 10-12.5% of the RCs in 10 min dark-adapted chloroplasts are in a single reduced state and contain Q A -. STFs were found to be saturating as concluded from the constancy of the relative fluorescence signal F m /F o upon 50% decrease in flash intensity, or alternatively in chloroplast density. Further details about the use of this equipment can be found elsewhere , and see also http:// www.psi.cz).
We have applied and studied the fluorescence response upon what we call 'twin'-single turnover flashes (T Dt TF). A T Dt TF, or in short hand notation TTF (twin), is composed of two identical STFs (STF 1 and STF 2 ) which are separated by a darktime interval Dt (in ls) in the range between 10 and 500 ls. The idea behind application of TTFs is the following. STF 1 (i.e., the first partner of the twin) causes single reduction of the acceptor pair [PheQ A ] associated with a change in fluorescence with amplitude F m STF (~3*F o ). The second twin partner STF 2 is meant to reach the RC when its acceptor pair is still partly reduced, i.e., with a fraction in state [PheQ A -] . As the reoxidation of Q A -is known to occur in the time range of 250-500 ls, significant fraction (>80%) of Q A -is present if STF 2 is fired within 10-50 ls after STF 1 . STF 2 of T 10 TF (or T 20 TF) then might cause a double reduction of the acceptor pair, resulting in [Phe
2-. Dependent on its actual lifetime, the double reduction by T Dt TF is expected to be associated with a further increase in
). An increase of this kind has been shown for a 2nd STF in the presence of DCMU (Vredenberg et al. 2006 , Fig. 3 ). The term 'twin' (T Dt TF) is restricted here, unless indicated otherwise, for two subsequent STFs with Dt < 500 ls. In the other cases they form elements of a train of STFs. Exponential decomposition and quadratic least square fitting of the fluorescence decay were done (see also Vredenberg et al. 2006 ) with standard routines provided by appropriate software (MathCad 13, MathSoft Inc. Cambridge, MA).
Photosynth Res (2007) 93:183-192 185 Results and interpretation Figure 1 shows the release (upward moving trace) and dark recovery of chl fluorescence quenching upon excitation of a (5-10 min) dark-adapted thylakoid preparation, isolated from fresh pea leaves, with a 12.5 Hz train of 2 individual STFs (i.e., with dark interval 80 ms) and a twin-single turnover flash (T 50 TF). The first partner of the twin (STF 1 , and identical to the 1st STF in the train) causes a fluorescence increase with maximum (relative to F o = 1) F m STF~2 .9. This value agrees with single turnover F m values reported by others for a variety of plant chloroplasts and algae (Samson and Bruce 1996; Koblizek et al. 2001; Vredenberg et al. 2005) . It corresponds with a maximal variable fluorescence in a STF equal to F v STF~1 .9 * F o . The T 50 TF (twin) induces a fluorescence increase with, for the present experiment, a maximum F . The difference between the maximal fluorescence in T Dt TF-and STF-excitation is defined as the increase in variable fluorescence . This suggests that the response of the fraction of Q B -reducing ('normal') RCs is higher in the 2nd of the first two subsequent STFs in a train. This is in agreement with the documented binary oscillation of fluorescence associated with the two-electron gate mechanism at the acceptor side of PSII (Bowes and Crofts 1980; Shinkarev 1996 Shinkarev , 2004 . The dark recovery of the quenching after an STF is multiphasic and, as shown by many others, extends over more than four decades (Urban et al. 1999; Roberts et al. 2003; Vredenberg et al. 2006) . Figure 2 shows the experimental and calculated fluorescence decay curves in the dark after one STF (STF 1 ) in 10 min dark-adapted thylakoids. The quenching recovery during the so-called F(ast)-phase in the 10 ls to 100 ms time range has been shown to originate from two distinguishable RC fractions, variable in size. One fraction contains Q B -nonreducing RCs, in which the acceptor has Calculated curves were derived for the relatively fast (<10 ms) and slow phases F and S, respectively of the multiphasic decay, using a quadratic least square fitting routine and the equations given below. 
The mean deviation for the individual data points in each of the curves is found to be less than 1%. The approximate parameter values in this STF-experiment were F m STF /F o~2 .9 and k AB1 (~k AB2 ), k 1 , k 2 , k nB1 , and k nB2~3 .6, 0.5, 0.2, 3 · 10 , respectively (see also legend of Fig. 3) become double reduced (with [PheQ A ] 2-). Its variable size is designated with b. The fraction is in short hand notation called the b-fraction with double reduced Q B -nonreducing RCs. The other responsive fraction contains single reduced 'normal' RCs (Vredenberg et al. 2006) . The quenching recovery during the F-phase is superimposed on a quasistationary background quenching. The latter decays, in rough approximation, bi-exponentially in the so-called S(low)-phase in the 50 ms to 20 s time range. It is attributed to quenching recovery of RCs filled with Q B -nonreducing RCs, in which a slow re-oxidation of Q A -takes place.
Fitting was done assuming exponential recoveries associated with reoxidation of the single and double reduced acceptor pair each with their specific rate constants. Details of the procedure are given in a previous paper (Vredenberg et al. 2006 , but see also the legend of Fig. 3) . If we take F 20 ms -F o as the approximate fractional size c of the S-phase we find for this dark-adapted thylakoid preparation, in fair agreement with results reported before, c~0.4. Quenching recovery in the single reduced 'normal' RCs occurs with rate constants in the range between 4 and 1 ms -1 which is in the range reported for the re-oxidation of Q A -formed by STF 1 . The analysis shows further that the size of the b-fraction with double reduced Q B -nonreducing RCs is b~20%. These in turn constitute under these darkadapted conditions~11% of the total population of excited RCs as concluded from the amplitude of F v . Note that~2 6% of the S-recovery phase is likely to originate from the Q B -nonreducing b-fraction of excitable RCs.
Figures 3A and B (with for A the same data as in Fig. 2 ) show, on a linear 0-10 ms time scale, the kinetics of the recovery of STF-and TTF-induced quenching release, respectively in the two subfractions of the F-phase (see also Fig. 2 ). The analysis shows that the size of the b-fraction with double reduced Q B -nonreducing RCs increases from b = 26 to 40%, without a significant change in the quenching recovery rate constant in the range 0.5-0.2 ms -1 . The recovery rate constant of the decreasing fraction of single reduced Q B -reducing RCs is in the range of 3-5 ms -1 . The magnitude of the S-phase after T 20 TF-excitation, as compared to that in STF has slightly increased (from 44 to 46%). It is noteworthy that the size of the fraction of Q B -reducing RCs is approximately the same in both excitations. This is what would be expected because STF-and TTF flashes are saturating with respect to trapping activity. Figure 3C shows experimental and calculated kinetics of the difference in response between T 20 TF-and STF 1 -excitations. It illustrates in detail that the different response originates exclusively from the b-fraction with almost identical recovery rate constants as in a single turnover flash. . The 2nd exponential in F sc (t) is assumed not to be involved (n.i.), assuming that the fraction in the dark-adapted preparation complementary to the b-fraction is 100% S 1 with Q B fully oxidized. The mean deviation for the individual data points in each of the curves is found to be less than 1% 183-192 187 partner of the TTF (twin) with maximum and minimum for N = 1 and 3, respectively and strongly reduced increases for N = 2 and 4. The absence of a TTF-induced increase in the 3rd flash confirms that the STFs are saturating with respect to trapping activity and associated release of fluorescence quenching. TTF is likely to be caused, as will be discussed below, by reoxidation of the double reduced acceptor pair in the Q B -nonreducing RCs. We have seen that this reduction occurs with a rate constant in the range between 0.5 and 0.2 ms -1 , i.e., in the 2-5 ms time range (Fig. 4) . Figure 5B gives the F(t) response to the flash trains in the 0-60 ms time range on a logarithmic scale. It shows, after the transient response during the initial 3 ms STF-excita- (Vredenberg et al. 2006) , is due to quenching release associated with double reduction of accumulating single reduced Q B -nonreducing RCs. It appears that the rise in the 3-to 60-ms time range is independent of the frequency of the STF train in the 1-4 kHz range. Moreover, the F m rise from F
ÀkÃt Þ with k~0.067 ms -1 . This suggests that, in rough approximation, the triggering reaction for closing of all RCs occurs with a turnover relaxation time of~15 ms.
Logarithmic time plots of the F(t) response to a 12.5 Hz train in the absence and to a 12.5 Hz and 2 kHz train of 60 STFs in the presence of 2 lM FCCP are reproduced in 
Discussion
The increased variable fluorescence DF v (Fig. 1) -. These data provide experimental evidence that, under proper conditions and concomitantly with exciton trapping in a twin excitation, the acceptor pair of PSII can become double reduced [PheQ A ] 2-. Occurrence of double reduction of the PSII acceptor pair has been suggested before (Doschek and Kok 1972; Joliot and Joliot 1977; France et al. 1992) . It has received experimental support from fluorescence measurements in 12.5 Hz flash trains (Vredenberg et al. 2006) . These showed an approximate twofold increase in F m relative to F o , reflecting the accumulation of a sizeable fraction of excitable Q B -nonreducing centers in the train (see also Fig. 6 ). The size of the T Dt TF-induced increase in variable fluorescence DF v (Fig. 1 ) was found to be invariable with the darktime interval Dt between the partners of the twin in the range between 10 and 200 ls (data not shown).
The dark recovery of the fluorescence signal after T Dt TF-excitation is distinctly different from that after STFexcitation (Figs. 2, 3) . The major recovery phase of the complementary component of the fluorescence quenching release activated by the twin occurs, as deduced after curve fitting (Fig. 3) , exponentially with two approximately equally weighed amplitudes and rate constants k 1~4 00 and k 2~2 00 s -1 , respectively and reflects the re-oxidation of the double reduced acceptor pair [PheQ A ] 2-formed by TTF. These rate constants agree reasonably well with those deduced from the dark recovery of accumulating Q B -nonreducing centers after their excitation (Vredenberg et al. 2006) . Deconvolution of the F(t) curve in TTF excitation (Fig. 3B) shows, as compared to STF excitation (Fig. 3A) , an increased b fraction which amounts 60-65% of the Sphase of the recovery phase. It is unknown how the remaining 35-40% of the Q B -nonreducing RCs in this segment behave upon double excitation. Their behavior and function remain to be established. It might be that the trapping efficiency and life time of the double reduced acceptor pair in these RCs are beyond their limit for giving rise to a release of fluorescence quenching upon excitation. Figure 4 shows a particular aspect of the supplemental increase in variable fluorescence DF v upon T Dt TF excitation. The F(t) response, in this case for T 50 TF, is monitored for a twin-excitation which is preceded by a 12. Photosynth Res (2007) 93:183-192 189 substantially larger than that of F v STF seen in the train of STFs. This behavior points to a dependence of DF v on the PSII electron trapping efficiency F tr in the 2nd excitation of the TTF. This efficiency / tr is determined, under conditions at which Q A is reduced (Vredenberg 2004) , by the rate constant k y of electron transfer from Y z to P + 680 at the PSII donor side, in competition with the rate constant k -1 of radical pair recombination in the RC with / tr ¼ k y =k y þ k À1 . This gives, with established values (Roelofs et al. 1992; Meyer et al. 1989; Schilstra et al. 1998 ) for k -1 (~3 · 10 5 ms -1 , independent of S states) and k y (S-state dependent) / tr values of about 0.8 for S 1 and S 2 , 0.05 and <0.01 for S 3 and S 4(0) , respectively. A similar but attenuated pattern is found for 4 £ N £ 7 (data not shown). This indicates that the modulation of F v in TTFs preceded by N STFs occurs with a period-of-four oscillation. The modulation pattern of DF v is in fair agreement with electron transport regulation at the Y z to P 680 + donor side of PSII, if it is assumed that chloroplasts, dark-adapted for tens of minutes, have as an average a S 1 /S 0~0 .75/0.25 heterogeneity (Vermaas et al. 1984) . Whether or not, and if so to what extent the modulation pattern will change in preparations that have been dark-adapted for several hours remains to be established. These preparations were shown to have an altered S 0 /S 1 heterogeneity (Toth et al. 2005) .
It has been illustrated and discussed elsewhere (Hiraki et al. 2003; Vredenberg 2004 ) that the major part of the approx. 25% S 0 -fraction in 5-10 min dark-adapted chloroplast preparations is in a state in which Q B is reduced. If we accept that the increase of F m in a TTF (DF v TTF ) in darkadapted chloroplasts is due to release of photochemical quenching associated with double reduction of acceptor pair [PheQ A ] 2-in single reduced RCs we come to a following interpretation of these events: (i) The relative size and average lifetime of the TTF-induced increase in variable fluorescence with DF in the range 20-30% (Fig. 1) and lifetime 4-5 ms (Fig. 3C) suggests that the lifetime of [PheQ A ] 2-in 70-80% of RCs is too short to lead to release of fluorescence quenching; (ii) the strong reduction of DF v TTF in TTFs preceded by 1, 2 or 3 STFs (Fig. 4) offers evidence that the fraction of RCs in darkadapted chloroplasts which shows a 20-30% TTF-induced increase in variable fluorescence DF v TTF is identical with the S 0 fraction, and (iii) the lifetime of [PheQ A ] 2-in S 1,2,3 -fractions is extremely short.
The requirement of 3-4 STFs in high frequency STF trains and the pattern by which the maximum of DF v TTF (Fig. 5) is reached indicates that the trapping efficiency / tr in the fraction with single reduced Q B -nonreducing RCs is between 0.8 and 0.85. This fraction has been transferred in dark-adapted chloroplasts from the S 0 to S 1 state in an STF 1 excitation with F STF 1 m $ 3 Ã F o (see Fig. 2 ). If we assume that the rate constant of radical pair recombination in the RCs is k -1 = 3 · 10 5 ms -1 (Roelofs et al. 1992 ) then / tr ¼ k y =ðk y þ k À1 Þ ¼ 0:8 would yield the rate constant of electron transfer from Y z to P + 680 of k y~1 -2 ns -1 for the single reduced RCs in S 1 . This is in the range reported for this state (Schilstra et al. 1998) . The decline of F(t) in the 0-3 ms time range after the transient increase by the first STFs of high frequency trains indicates that the double reduction of the reduced acceptor pair in the complementary fraction, originally in the S 1 state and after single excitation in the S 2 state, does not cause a release in quenching in the subsequent 5-10 STFs. This is in agreement with the conclusion, drawn from the results of Fig. 4 , that electron trapping in reduced S 1,2,3 -fractions is close to zero due to the short lifetime of [PheQ A ] 2-in these fractions. The nearly zero electron trapping efficiency in darkadapted S 1,2,3 -fractions in the reduced state causes the absence of charge accumulation in the subsequent S-states. In other words an original S 0 /S 1 heterogeneity in a darkadapted sample is transferred to S 1 /S 2 heterogeneity which is quasi stable during the first 5-10 STFs in a high frequency train. The decline in F(t) is likely to reflect the reoxidation of [PheQ A ] 2-that is generated upon double excitation of the original b-fraction in the S 0 state. The transient F(t) rise and decline in the 0.01-2 ms time range strongly resembles the O-J-D(ip)-I curve in high intensity MTFs in chloroplasts Neubauer 1987: Strasser et al. 1995) , algae (Koblizek et al. 2001 ) and intact leaves (Schansker et al. 2006 ). There it shows up as a distinct dip D between the (shifted) J level and the I level in the OJIP induction curve. The decline in the J-D phase has been interpreted (Schansker et al. 2006 ) as a transient limitation on the donor side associated with P 680 + formation. This is at variance with the interpretation given here. Moreover, temporary accumulation of P 680 + in this time range is difficult to imagine under conditions in which, at the excitation rates that were applied, radical pair recombination is assumed to occur efficiently.
The F(t) rise in the 3-60 ms time range in high frequency flash trains (Fig. 5B) is similar as shown before in a 12.5 Hz train (Vredenberg et al. 2006) . It has been interpreted to be due the photo-electrochemical control of the rate constant of [PheQ A ] -re-oxidation in S 1,2,3 -fractions, causing the pH (Dl H )-dependent accumulation of trapping competent Q B -nonreducing RCs. The double reduction of these RCs causes a further quenching release. The approx. 3 ms delay of this accumulation, independent of the flash frequency (Fig. 5B) , suggests that the onset of photoelectrochemical control of the accumulation is triggered by the proton uptake associated with the protonation of Q B 2-. This apparently requires completion of two turnovers of Q A reduction at the acceptor side of PSII in the fraction with Q B -reducing RCs. This will take 2-3 ms, as illustrated in Fig. 2 and in agreement with documented data (Robinson and Crofts 1983) . The fact that the onset of the triggering occurs with a delay similar to that of Q B 2-formation is in harmony with an established fast protonation of Q B 2- (Haumann and Junge 1994) .
The photo-electrochemical control of the F(t) rise in a low frequency flash train is confirmed. The F(t)/F o rise from 3 to 5 in the 0.5-5 s time range in a 12.5 Hz flash train is inhibited, as has been shown before (Vredenberg et al. 2006) , by FCCP. If the frequency of the train is increased to 2 kHz, i.e., when the dark interval between STFs in a train is reduced from 80 ms to 500 ls, the inhibition by the protonophore is released. The recovery of the STFinduced pH gradient in the presence of FCCP apparently takes more than 500 ls. Titration of the F(t)/F o response against the frequency of the flash train in the absence and presence of protonophores will allow the determination of the time constants for the generation and the decay of the event, probably the transmembrane Dl H , that triggers the equilibrium constant of the Q A -Q B M Q A Q B -equilibrium and consequently the accumulation of Q B -nonreducing RCs (Vredenberg et al. 2006 ). This has been discussed to cause the doubling of the variable fluorescence. The data of Figs. 5 and 6 indicate that generation occurs, in rough approximation with a protonophore-independent time constant s = 55-65 s -1 . It is clear that the occurrence of an F(t) rise in a flash train is dependent on (i) the frequency of the train, and (ii) on the proton conductance of the membrane. The absence of such rise in some algae might be caused by an imbalance between these two constraints.
Our results demonstrate that PSII uniquely operates as a two photon and electron trap. The rise of the variable chl a fluorescence in a twin (saturating) single turnover flash (TTF) and in flash trains of 'tuned' frequency, has farreaching consequences for current views on PSII heterogeneity concerning characteristics and properties of PSUs different in antenna size or in electron transport activity. These will require detailed attention in the future.
